Quasielastic neutron scattering (QENS) experiments complemented by classical molecular dynamics (MD) simulations at 393-443 K were employed in a study of the mobility and interactions of phenol in acidic zeolite H-Beta, to understand systems relevant to potential routes for the depolymerization and hydrodeoxygenation of lignin. QENS experiments observed isotropic phenol rotation with a fraction of static molecules, yielding rotational diffusion coefficients between 2.60 × 10 10 and 3.33 × 10 10 s −1 and an activation energy of rotation of 7.2 kJ mol −1 . The MD simulations of phenol in the acidic and all-silica zeolite corroborate the experimental results, where molecules strongly adsorbed to the acidic sites behave as an immobile fraction with minimal contribution to the rotational diffusion, and the mobile molecules yield similar rotational diffusion coefficients to experiment. Translational diffusion is too slow to be detected in the instrumental time window of the QENS experiments, which is supported by MD-calculated activation energies of translation larger than 25 kJ mol −1 . The study illustrates the effect of active sites in potential catalyst structures on the dynamical behaviour of molecules relevant to biomass conversion. 6700 | Catal. Sci. Technol., 2019, 9, 6700-6713
Introduction
Lignin, which is one of the main components of biomass has an extraordinary potential as a renewable source of fuels and valuable chemicals. 1 However, the transformation of lignin is hampered by its complex polymeric structure, i.e. a threedimensional polymer constituted of phenolic building blocks, with many points of unsaturation and multiple links among the phenolic monomers. Consequently, appropriate catalysts are needed for the effective and efficient conversion of lignin. [1] [2] [3] The dehydration and hydrogenation capacity of the catalyst are the features of interest with regard to promoting the conversion of compounds derived from the depolymerisation of lignin. The hydrodeoxygenation (HDO) process assists the further depolymerisation of lignin to its simple molecular forms and increases the H : C and C : O ratios, thus enhancing the energy content of the final products intended to be used as fuels. In this regard, bifunctional catalysts consisting of metal nanoparticles supported on solid acids have shown remarkable performance towards the conversion of lignin-derived compounds. [4] [5] [6] [7] Zeolites, owing to their versatility as microporous solid acids and their hydrothermal stability, [8] [9] [10] [11] are a common choice to act as supports of the metal nanoparticles. For instance, recent studies have reported the deposition of Ru, Ni, Pd and Pt on zeolites ZSM-5, Beta and HY, where the hydrogenation is controlled by the metal clusters, whilst the acid sites of the support govern the dehydration and alkylation of the hydrogenation products. [4] [5] [6] [7] Phenolic monomers, such as phenol and cresols, constitute the simplest molecular forms obtained after the depolymerisation of lignin, 12, 13 and thus they constitute a suitable starting model for the study of the HDO of ligninderived compounds. [14] [15] [16] [17] [18] [19] These low-molecular weight phenols may be hydrogenated and deoxygenated at the metal nanoparticle to form monocycloalkanes and aromatics, or remain inside the micropore system of the zeolite, where further coupling reactions transform the phenols into bicycloalkanes. 3 Hence, the dynamical behaviour of the sorbate as dictated by both the micropore size and composition (mainly through active site-sorbate interactions) of the zeolite is an important feature in determining the product selectivity during the upgrading of lignin. Only zeolites with relatively large micropores, such as zeolite Beta, will allow the diffusion of phenols and the subsequent coupling reactions, while frameworks with smaller pores will influence the pathway towards monocycloalkanes. 4, 20, 21 Therefore, a detailed analysis of the dynamical behaviour of phenolic monomers inside the micropores will provide a more complete understanding of the HDO of lignin-derived compounds using bifunctional catalysts.
Techniques based on neutron spectroscopy are of growing significance in the field of heterogeneous catalysis, 22 both in the study of the catalyst itself, 23, 24 and investigation of the relevant molecular species upon adsorption. 25, 26 Quasielastic neutron scattering (QENS) is particularly effective in the study of microporous catalysts, 27 allowing the measurement of molecular movements taking place over timescales of 2 ps-100 ns depending on the instrument, and thus it may be employed to measure both nanoscale diffusion, [28] [29] [30] and also local motions such as rotation. [31] [32] [33] [34] Crucially, this technique can be employed on sub-micron crystals, in contrast to other methods, such as PFG-NMR, which have timescales from micro-to milliseconds and hence need crystal sizes in the order of micrometres or larger to be able to measure intracrystalline diffusion.
Details of the dynamical behaviour on the molecular and nanoscale are provided by molecular dynamics (MD) simulations using classical interatomic potentials, which are capable of modelling sizable crystal systems (2-100 nm) and time ranges of up to hundreds of nanoseconds, allowing us to observe self-diffusive motion. The dynamical characteristics derived from the MD analysis are an essential complement to the QENS experiments, as shown in previous reports on a range of zeolite-sorbate systems. [35] [36] [37] [38] [39] QENS observables such as the intermediate scattering function and its temporal Fourier transform, the dynamic structure factor, may be calculated directly to compare simulation results with experiment. 40, 41 In the present work, we have studied the mobility of phenol in zeolite Beta using QENS experiments complemented by density functional theory (DFT) calculations and classical MD simulations. We are particularly interested in the behaviour of phenol since it is the simplest representation of the set of phenolic monomers derived from the depolymerisation and upgrading of lignin. In addition, zeolite Beta with framework type BEA (see Fig. 1 ), was chosen on account of its extensive use as a support for metal nanoparticles during the catalysis of HDO reactions, [42] [43] [44] and also because this zeolite has pore openings of 12 T-sites, which allows for diffusion of phenol into the zeolite. 20 
Methods

Quasielastic neutron scattering experiments
The commercial zeolite Beta samples used in the present work were obtained from Zeolyst International (CP814E*, Si/ Al = 12.5), and received originally in the NH 4 form. These samples were activated into the catalytic H-Beta form by heating from room temperature to 798 K for 4 hours, with a heating rate of 5 K min −1 , and then dried for 10 hours under vacuum at 170°C. Next, the samples were ground using a pestle and mortar with 10% weight of phenol (approximately 4 molecules per unit cell) in a glovebox under argon. Finally, the samples (4.4 grams in total for phenol mixed samples) were transferred to thin walled aluminium cans of annular geometry, where a 1 mm annulus was used to avoid multiple scattering from the sample.
QENS experiments were carried out using the time-offlight backscattering neutron spectrometer OSIRIS 45 at the ISIS Pulsed Neutron and Muon Source. The cells were placed in a top-loading closed cycle refrigerator. Initially the samples were heated to 333 K in order to melt the phenol and ensure its adsorption into the zeolite pores. The samples were then cooled to a base temperature of 10 K and a resolution measurement was taken, before being heated to 393, 418 and 443 K where the QENS spectra were measured. This range of temperatures has been selected by considering the temperatures used during the hydroprocessing of phenolic compounds, 21, 43, 46 and also to avoid any molecular decomposition associated with pyrolytic processes. 47 The 002 reflection from the pyrolytic graphite analyser was used, giving an energy resolution of 24.5 μeV at full width at half maximum (FWHM) with energy transfers measured in a window of ±0.55 meV; the detector covered measurements over a Q range of 0.2-1.6 Å −1 . We measured the neutron scattering of the empty zeolite Beta samples (which contain a small amount of hydrogen compared to the dosed samples) and the signal was then subtracted from that of the phenol loaded Beta, so that only the signal from the phenol could be extracted. In this way any scattering from the aluminium container, which is very low in comparison with the zeolite is also subtracted. No further corrections were necessary. All QENS spectra were fitted using the neutron scattering analysis software packages DAVE 48 and Mantid. 49 
Computational simulations
The interatomic potentials (IP) and density functional theory (DFT) calculations were employed to analyse the interaction of phenol with the Brønsted acid site and its mobility in the pore system of the zeolite. The IP calculations involved both geometry optimizations and molecular dynamics simulations, which were performed by the codes General Utility Lattice Program (GULP) 50, 51 and DL_POLY, 52 respectively. The DFT calculations were carried out by the planewave code Vienna Ab initio Simulation Package (VASP). [53] [54] [55] [56] The analysis of the aluminium substitution at the intra-framework position of zeolite Beta was achieved by the code Site Occupancy Disorder (SOD). 57 2.2.1 IP calculations. The description of the zeolite structure in the IP method is based on the Born model of ionic solids, 58 where the forces acting between pairs of ions are defined by Coulombic interactions and Buckingham potentials. The energy of the systems is described by a combination of Coulombic contributions, which are calculated following the Ewald summation method, 59 short-range repulsions and dispersion forces defined by Buckingham and Lennard-Jones potentials, 60, 61 and harmonic potentials to account for the rigidity induced by covalent bonds and bond-bending angles. In the present work, we have used full ionic charges to define the silicon, aluminium and non-protonated oxygen atoms that form the zeolite framework: Si 4+ , Al 3+ and O 2− . The parameters describing the interaction between the pairs (Si 4+ , O 2− ) and (O 2− , O 2− ) were derived by Sanders et al. after fitting to the elastic and dielectric properties of α-quartz. 62 Sanders and coworkers also proposed the addition of bond-bending terms to account for the rigidity of the SiO 4 tetrahedra, which allows the quantitative reproduction of the experimental properties of SiO 2 polymorphs (α-quartz, α-cristobalite, coesite and α-tridymite) and improves the transferability to other frameworks, such as zeolites. 62 The parameters for the (Al 3+ , O 2− ) pair were obtained by Catlow et al. following an optimal fit to the lattice properties of α-Al 2 O 3 . 63 We have made use of fractional charges to define the oxygen (−1.426 e − ) and hydrogen (+0.426 e − ) atoms in the OH groups of the Brønsted acid sites of the zeolite, employing the parameters proposed by Schröder et al. to represent the interaction between these OH groups and the rest of the zeolite framework. 64 The full set of potentials describing the zeolite framework is listed in Table 1 .
We have adapted the parametrization reported by Mooney et al. to define the intra-and inter-molecular interactions of phenol. 65 These parameters have been designed to reproduce the pure liquid properties of phenol over a range of temperatures, spanning from 333.15 to 523.15 K. The original parametrization keeps the phenol bond lengths fixed during the simulation, while employing harmonic and torsional potentials for the bond angles and dihedrals. In the present work, we have allowed the C-C and C-H bond lengths to change according to the harmonic parameters reported by Sastre and collaborators. 66 The C-O and O-H bond lengths were kept fixed as originally proposed by Mooney et al. 65 using the SHAKE algorithm. 67 The full set of potentials is listed in Table 2 .
The interaction of the oxygen atom of phenol with the silicon and aluminium atoms of the zeolite was modelled based on the Buckingham potentials reported for the framework pairs (Si 4+ , O 2− ) and (Al 3+ , O 2− ), 62, 63 but rescaling the repulsion parameter A following a procedure similar to 
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the protocol used by Schröder and collaborators. 64 We have employed the same inter-molecular parameters reported by Mooney et al. to describe the interaction between the acidic proton of the zeolite and the oxygen atom of phenol. 65 We defined the remaining interactions between the zeolite framework and phenol by introducing the Lennard-Jones parameters reported by Vetrivel and co-workers. 68 The full set of potentials is listed in Table 3 .
Zeolite
Beta structure and aluminium substitution. In all simulations presented in this work, we have used the polymorph A of zeolite Beta, with tetragonal symmetry (P4 1 22) . Fig. 1 shows the periodic building unit (PerBU) of zeolite Beta, which compromises 16 tetrahedral sites (T-sites) with the four six-membered rings (6MRs) fused together. 69 The unit cell of zeolite Beta was optimized at constant pressure using the IP method, yielding the lattice parameters a = 12.465 Å and c = 26.224 Å, which are in good agreement with the experimental values of a = 12.5 Å and c = 26.6 Å. 70 We observed that the most stable substitution of a single Al atom at the intra-framework positions of zeolite Beta preferred the site T6 ( Fig. 1 for numeration). The analysis with two Al substitutions, which generates a total of 273 structures, also identified two T6 sites located in different parallel pores along the [100] direction and separated by 14 Å, as the most probable positions for the double Al substitution. Note that for the single and double Al-substituted systems, the negative charge introduced by the incorporation of Al was not counterbalanced by adding protons H + to the system, but by diluting it among the framework O atoms, as this protocol decreased considerably the otherwise prohibitively large number of configurations that would need to be simulated. 71 In order to approach the Si/Al ratio used in experiment, we replaced four Si atoms with Al (Si/Al = 15). Unfortunately, this number of substitutions still produces an exceedingly high number of unique combinations by the SOD code, which it is not feasible to examine. Therefore, using the evidence of the single and double substitutions, we placed the four Al atoms at T6 sites, each in a different pore out of four that exist in the unit cell of zeolite Beta. Once the four Al atoms were added to the structure, we inspected all the possible configurations to counterbalance the charge with protons, leading to the most stable structure shown in Fig. 1d , where the proton is bound to the oxygen atom numbered 12 (O12), that bridges the sites T4 and T6.
2.2.3 Classical MD simulations. We employed both the allsilica Beta structure and the acidic H-Beta structure with four Al substitutions ( Fig. 1d ) to simulate the mobility of phenol in zeolite Beta. A 4 × 4 × 2 supercell of zeolite Beta was created, replicating the unit cell 4 times along the lattice vectors a and b, and two times along c. Next, 32, 64 and 128 molecules of phenol were homogeneously loaded in the pores of the material, which corresponds to 1, 2 and 4 molecules per unit cell (mpuc), respectively, where the highest loading used in the simulations is very close to the experimental loading of 10 mass% employed in the QENS experiments. The systems were equilibrated at the three experimental temperatures, 393, 418 and 443 K, during 1 ns of microcanonical ensemble (NVE), and then during 1 ns of canonical ensemble (NVT) using a Berendsen thermostat with a time constant for thermal energy exchange of 1.0 ps. 72 This procedure led to a proper equilibration of the system with temperature fluctuations of only 3 to 5 K for both the NVE and NVT ensembles. Afterwards, the production run consisted of 6 ns of micro-canonical (NVE) ensemble. A Table 1 Potential parameters that describe the interatomic interactions within the zeolite structure timestep of 0.5 fs was used for all simulation, saving the atomic coordinates every picosecond. The method of multiple initial times was employed to average the trajectory over the 6 ns of production run into 1 ns, shifting the initial time every 25 ps. We observed that 1 ns was enough to obtain mean-squared displacement (MSD) plots with acceptable linearity to calculate the self-diffusivity of phenol throughout the pore system of zeolite Beta. 38, 39 The MSD was calculated from the variation in the coordinates of the centre of mass of the molecules. The selfdiffusion coefficients were derived from the Einstein relationship:
2.2.4 DFT calculations. The DFT calculations were performed under periodic boundary conditions, employing the general gradient approximation (GGA) in the form of the non-empirical functional proposed by Perdew, Burke, and Ernzerhof (PBE). 73, 74 A basis set of plane waves, with an energy cut-off of 400 eV, was used to treat explicitly the valence states, whilst its nodal features and the core states were described by the projector-augmented-wave (PAW) method. 75, 76 As a consequence of the relatively large unit cell size of zeolite Beta, the Γ point alone was enough for the numerical integration within the Brillouin zone. 77 The Gaussian smearing method accounted for the occupation of the electronic bands and the integration over the reciprocal space during the electronic relaxation, with a width of 0.05 eV. [78] [79] [80] We adopted convergence thresholds of 10 −5 eV and 0.03 eV Å −1 for the electronic and ionic relaxation, respectively. We included Grimme's correction D3 to the DFT energy to describe the dispersion interactions within the zeolite and between the zeolite and the adsorbed molecule, choosing the damping function of Becke-Johnson, which prevents near-singularities at small distances and double counting of correlation effects at intermediate distances. 81, 82 The variation of the ionic positions during the geometry optimizations was carried out by the conjugate-gradient algorithm. 83 The optimization of the unit cell of zeolite Beta proceeded by a set of fixed-volume calculations, allowing only the relaxation of the atomic positions and the shape of the cell. The correlation between energy versus cell volume was then fitted with the Birch-Murnaghan equation of state. 84 This procedure provided an optimized volume for the unit cell of 4189 Å, 3 lattice parameters a = 12.589 Å and c = 26.428 Å and a predicted isotropic bulk modulus of 33.4 GPa.
We then performed short MD simulations in order to validate the classical MD simulations regarding the interaction between phenol and the Brønsted acid sites. A single molecule of phenol was loaded in zeolite Beta, which was represented by a single unit cell. The acid site consisted of an aluminium atom at the position T6, with the proton at O12. The structure obtained after the geometry optimization 3 1.734978 0.0 Table 3 Potential parameters that describe the interatomic interactions between the zeolite structure and the molecules of phenol a This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
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was annealed for 2.5 ps from 0 to 443 K, followed by 2.5 ps of equilibration at 443 K with a time step of 0.5 fs; in both cases the temperature was scaled every 50 steps. Afterwards, the production run consisted of 7.5 ps of a NVT ensemble, where the temperature was controlled by a Nosé-thermostat. [85] [86] [87] 3 Results and discussion
Quasielastic neutron scattering experiments
QENS spectra as a function of the momentum transfer vector Q at 393 K are shown for phenol in zeolite Beta in Fig. 2 , (the QENS spectra for 418 and 443 K are shown in the ESI, † section S1). The QENS spectra at Q = 0.56 Å −1 were omitted due to the presence of a Bragg peak in zeolite Beta at this Q value, which caused issues upon subtraction of the empty zeolite spectrum from that of the loaded zeolite. The spectra were fitted to a delta function convoluted with the resolution measurement taken at 10 K, a single Lorentzian function (which was enough to describe the data satisfactorily) and a flat background function to account for any motions too fast for the instrumental window and the Debye-Waller factor. The figure contains the data points, the total fit (black), and the quasielastic component of the spectra (red) given by a Lorentzian function. We note that the Lorentzian component is very small, particularly at low Q values, and the elastic component is very large at all Q values. This suggests that we are either observing localised motions (rotation or confined diffusion), or that a large proportion of the molecules are static on the timescales probed by the instrument. The fact that only one Lorentzian function is required to fit the broadening of the spectra suggests that only one dominant mode of motion is observed on the timescale of the instrument. The contribution from the Lorentizan component increases with temperature, suggesting more movement is observed in the system as the temperature increases.
Given the large elastic component throughout the spectra, we now analyse the possible localised motions present, which can be characterised using the elastic incoherent structure factor (EISF), which is given by
and is the proportion of the total scattered intensity which is elastic. The experimental EISFs are shown in Fig. 3 . It is clear that the EISF drops as the temperature increases, either due to a differing localised motion, or an increasing mobile component. However, the shape of the EISF remains similar at all temperatures, suggesting that the same nature of motion is taking place, but more molecules are moving as the temperature increases.
A number of models are available to characterise the localised motions of phenol, related to the geometries of motion of the protons in the molecule. The models used to fit the experimental EISF at 393 K are detailed in section S2 of the ESI † and are depicted in Fig. 4 . They include the isotropic rotation model derived by Sears, 88 the 2-site jump rotation model, the uniaxial rotation model and the model of translational diffusion confined to a sphere as derived by Volino and Dianoux. 89 It was found that the best fit to the experimental data was the model of isotropic rotation with a fraction of immobile molecules. Good fits were also achieved with the model of diffusion confined to a sphere, however the widths of the Lorentzian component of the QENS spectra were found to be independent of Q, as opposed to exhibiting a Q-dependence associated with confined diffusion, similar to previous work 90 (further detail on the broadenings can be found in the ESI †).
Having reached this conclusion, we next proceed to fit the experimental EISF at 418 and 443 K with the isotropic rotational models with the same radius of rotation, but a varying mobile fraction, as shown in Fig. 3 . We find that mobile fractions of 0.66 and 0.71 fit 418 and 443 K respectively, and we therefore conclude that the motion observable in our temperature range is the isotropic rotation of phenol with a temperature-dependent mobile fraction of 0.60 to 0.71, and that a static population of molecules persists over this temperature range but decreases with increasing temperature. After identifying the type of motion observed from the EISF, we may now calculate the rates of rotation using the broadenings of the Lorentzian component. The broadenings as a function of Q at all temperatures are plotted in Fig. 5 , and the isotropic rotational diffusion coefficient may be calculated as outlined in ref. 33 .
The rotational diffusion coefficients yielded values of 2.60 × 10 10 , 2.97 × 10 10 and 3.33× 10 10 s −1 for the temperatures 393, 418 and 443 K, respectively. The activation energy for rotational diffusion was calculated from the Arrhenius plot in Fig. 6 as 7.2 kJ mol −1 .
Molecular dynamics simulations
Translational diffusion. The DFT geometry optimization yields an H-bond distance between the acidic proton of the zeolite and the O atom of the phenol molecule
(Al-O-H⋯O ph -H ph ) of 1.5 Å, while the short DFT MD simulation at 443 K increases the average value to 1.6 ± 0.2 Å (see Fig. 7 ). The classical MD simulation provides a value of 1.5 ± 0.2 Å, averaged over the last 3 ns of the MD simulation with 1 mpuc at 443 K. The comparison among these three H-bonds distances shows that the IP method underestimates by 6% the mean value calculated from the DFT MD simulation, which is acceptable considering the differences between approximations in both methods. Fig. 8 shows the MSD graphs for the three different temperatures, phenol loadings and zeolite frameworks used in the classical MD simulations, with the self-diffusion coefficients and diffusion activation energies compiled in Table 4 . The diffusion of phenol in the acidic zeolite is much slower compared to the all-silica framework, as expected from the strong H-bond interaction established between phenol and the Brønsted acid site. The comparison of the diffusion coefficients calculated for the acidic and all-silica frameworks indicates that the largest difference is observed for the lowest temperature with a loading of 1 mpuc, where the all-silica coefficient is 10.7 times higher compared to the value derived for the acidic zeolite. This difference decreases when the temperature is raised, and more molecules are loaded into View Article Online the system, with the all-silica coefficient being 3.1 times larger compared to the acidic framework for a simulation carried out at 443 K and with a loading of 4 mpuc. The presence of strong H-bond interactions and high concentration of acid sites, although in principle beneficial for the catalytic performance, increase the retention time of the reactants and consequently the probabilities of secondary reactions, thereby reducing the overall efficiency of the catalysts. 3 This is emphasised by the observed reduction in diffusion in going from an all-silica to acidic zeolite and highlights the need of a thorough optimization of the Si/Al ratio in order to maximise yield and selectivity, and decrease coke formation. 91 The reduction of molecular diffusion as a consequence of agglomeration is stronger in the all-silica structure, but less significant in the acidic structure, as long as the acid sites are not oversaturated by the number of phenol molecules. In the all-silica zeolite, the diffusion coefficients are reduced on average by 26 and 43% when the loadings are increased from 1 to 2 mpuc and from 2 to 4 mpuc, respectively. In comparison, the diffusion in the acidic zeolite remains approximately constant from 1 to 2 mpuc, showing an average decrease of only 2%, although the variation is more noticeable from 2 to 4 mpuc, with a reduction of 19%. We can explain these trends by observing the progression of the diffusion of phenol through the pore system of the zeolites over time. In the case of allsilica zeolite, the phenol molecules do not preferentially interact with any site of the framework and thus their movement covers practically the entire structure, as shown in Fig. 9 , taking the MD trajectory of one of the molecules at 443 K and 1 mpuc as an example. Therefore, the increase of the number of molecules in the all-silica pore will more easily reduce the average molecular diffusion, because of agglomeration and inter-molecular H-bond interactions. In contrast, the presence of Brønsted acid sites introduces preferential adsorption centres in the framework, where the phenol molecule will spend most of the simulation time (see Fig. 9 ). The volume of the supercell covered is therefore much lower compared to the all-silica structure, and the loading of additional molecules will not significantly reduce diffusion, which is already hindered by H-bond interactions between the phenol molecules and the acidic protons.
As listed in Table 4 , the activation energies of translational diffusion obtained from our MD simulations for the acidic H-Beta zeolite can be as high as 35 kJ mol −1 for a loading of 1 mpuc, which steadily decreases with loading down to a value of 26 kJ mol −1 for 4 mpuc. As expected, the energy barriers are lower, by at least a factor of 1.6, for the all-silica framework under similar simulation conditions, although they show the opposite trend: higher concentrations produce larger activation energies, which is an anticipated outcome as the agglomeration increases (see Table 4 ). Note that we have used a Si/Al ratio of 15 in the simulations, which places 4 Al atoms in each unit cell. At a concentration of 1 mpuc, each molecule loaded into the acidic zeolite experiences four times the effect of a number of acid sites per unit cell. Therefore, if a molecule gathers enough energy to escape the strong H-bond interaction with the current acidic proton, it may immediately re-adsorb on a neighbouring acid centre. This will inevitably decrease the diffusivity of the molecule, being reflected in a high activation energy of diffusion. However, if the number of phenol molecules is increased, the number of free acid centres will decrease; hence, a molecule that breaks apart from the H-bond interaction with an acidic proton will be less likely to establish a new interaction with surrounding acid centres that are already progressively saturated by the addition of new phenol molecules. For this reason, the energy barrier of diffusion in the acidic zeolite decreases in our simulations when more molecules are loaded into the pore system. We should also note that the maximum loading employed was 4 mpuc, which signifies full saturation of acid sites by phenol molecules. We suggest that a further increase above 4 mpuc may produce a similar trend as observed for all-silica zeolite, since the effects of molecular agglomeration will play a more prominent role once the acid sites are fully saturated. Translational diffusion is not detected in the present QENS experiments, which could be tentatively justified considering the increment in energy barrier when the translational diffusion of phenol in all-silica zeolite is compared to acidic zeolite. We therefore consider the interaction between phenol and the Brønsted acid sites slows down the molecules, making translation to go undetected in experiment. Supporting this analysis, we have included more information at the end of the present section by comparing the timescales of rotational and translational motions.
3.2.2 Rotational diffusion. In terms of direct comparison between the MD simulations and the QENS data, the incoherent dynamical structure factor S inc ĲQ,ω) is related to the singleparticle time-correlation function of the system, represented by the self-part of the intermediate scattering function F s ĲQ,t), by a Fourier transformation in the frequency domain: 27
In order to extract information from the MD simulations to be compared with the experiment, it is more convenient to retain the time-domain of the data and work with the function F s ĲQ,t). Owing to the polycrystallinity of the zeolite samples used in experiment, we derived the powder average of the function F s ĲQ,t) (the modulus |Q|, represented by Q, replaces Q hereafter) from the MD simulations for a suitable comparison to the QENS data: 41, 92 
where N is the number of hydrogen atoms in a phenol molecule and d i is the position of the hydrogen atom i with respect to the center of mass of the molecule. A microcanonical ensemble average over the set of initial times t 0 is represented by the angular brackets. We have initially applied eqn (4) to the rotational part of the intermediate scattering function, F rot s (Q,t), since it is the movement detected in experiment, leaving the analysis of the translational part, F trans s (Q,t), for a later comparison between the timescales of rotation and translation.
We need two exponential decays to properly fit the calculated F rot s (Q,t) (a single exponential function provides a poor fit for the ISF), with each exponential representing a motion in a specific frequency domain. 40 In the present case, the first decay within below the experimental window of 0.55 meV, while the second is above the 0.55 meV mark, which is an indication of a motion too fast to be observed by the experiment: 
The C i parameter is a pre-exponential factor that weights the contribution of the rotational motion represented by the respective exponential. The decay constant Γ i can be treated in the same way as the half-width at half-maximum of a Lorentzian used to fit the quasielastic part of an experimental QENS signal. 40 The constant BĲQ) can be considered as an exponential where t = ∞, and thus it represents the final atomic arrangement in Q space; the relation of BĲQ) with Q will provide the rotation symmetry of the molecule. 41 Hence, the constant BĲQ) is equivalent to the EISF, which is given by eqn (2) . The EISFs thus derived from the MD simulations are fitted with an isotropic rotation model given by:
where r is the radius of rotation, and j 0 is the 0th order spherical Bessel function:
Fig . 10 shows the EISF plot derived from our MD simulations for each temperature, molecular loading and framework, with the isotropic fitting for the highest temperature serving as lower bound of the plots. The radii of gyration for the fitting with the isotropic model are listed in Table 5 .
We observe the most hindered rotational diffusion of phenol in H-Beta at the temperature of 393 K, since the calculated EISF minimum for this temperature lies farthest above the isotropic model (see Fig. 10 ), which is a direct consequence of the strong H-bond interaction between phenol and the Brønsted acid site. Upon increasing the temperature, a steady decrease of the EISF minimum towards the full isotropic rotation model is observed, indicating a breaking of the interaction between phenol and the acid site as more molecules are able to freely rotate. Notably, the EISF calculated for phenol in the all-silica system matches the full isotropic diffusion model very well at all three temperatures and concentrations, with radii of gyration that fluctuate within a narrow range of 2.52 to 2.56 Å, showing that the movement is far less inhibited by the Van der Waals interactions with the wall of the micro-pores, due to the lack of Brønsted acid sites.
We note that, although the MD simulations include all possible forms of proton motion in the sampled time, and thus the EISF would be a complicated mixture of all such different motions, the isotropic rotation should be predominant as suggested by experiment. In addition, considering that the isotropic model fits the MD data at lower Q values for all systems, we can therefore feel confident to use the isotropic model to directly fit the F rot s (Q,t) decays derived from the MD simulation over the range of lower Q values, thus allowing us to calculate rotational diffusion coefficients: 41
ð ÞDrt (8) where R is the radius of gyration and D r the rotational diffusion coefficient, both obtained from the fitting to the exponential decays derived from eqn (4) . The five first terms are retained in the expansion of eqn (8) since the contribution of higher terms is negligible for the studied range of Q values. Fig. 11 shows the Q-dependence of the calculated D r values for the first five Q points of the MD data obtained for phenol in the H-Beta system (4 mpuc), revealing the invariability of D r with Q. Table 6 lists the values of D r for each zeolite framework, phenol loading and temperature, together with the activation energies of rotation.
We obtained rotational diffusion coefficients from the MD simulations of phenol in H-Beta zeolite within the range of 2.60 × 10 10 to 4.83 × 10 10 s −1 . These values are in good agreement with the QENS-derived D r values, although tending to overestimate experimental coefficients which are in the range of 2.60 × 10 10 to 3.33 × 10 10 s −1 . This overestimation may be caused by a number of phenomena, such as the slight difference in loading between experiment and simulation, the use of interatomic potentials not specifically parameterised for phenol in acidic zeolites, and the neglect of structural defects in the zeolite framework for the models employed in the MD simulations, thereby reducing the strength of the overall interaction between phenol and zeolite, and thus increasing the freedom of movement of the adsorbed molecules. We can also observe from Table 6 that a more rapid variation of the diffusion coefficients with temperature leads to MD-derived activation energies of rotation twice as large as the experimental estimates. Along with the previous reasons outlined, we suggest that higher concentrations of defects in the real systems cause a lower sensitivity of the rotational diffusion to the variation in temperature; in the MD simulations, only the interaction between phenol and the Brønsted acid site through an H-bond may be broken, allowing the molecule to rotate more freely. However, if defects are also present in the structure, a molecule that breaks apart from the acid site could re-adsorb on the defects, consequently reducing the effect of the additional thermal energy introduced in the system by the rise in temperature. The absence of Brønsted acid sites in the all-silica structure increases the range of rotational diffusion coefficients to 5.60 × 10 10 -11.52 × 10 10 s −1 . However, in contrast to the translational diffusion, the activation energies of rotation for phenol in all-silica (12.3-14.0 kJ mol −1 ) are only marginally smaller than the calculated values in the acidic zeolite (14.4-17.1 kJ mol −1 ). Therefore, we could consider that the most significant proportion of the rotational dynamics observed for phenol in the acidic zeolite comes from molecules that periodically break apart from the H-bonds with the Brønsted acid sites (again supporting the observations of the QENS experiments). We observed earlier, during the analysis of the translational diffusion, that the higher loading of phenol reduces the frequency of readsorption to the Brønsted acid sites, and thus the activation energy of translation consequently decreases (see Table 4 ). This trend is also observed for the rotational diffusion, with a barrier of 17.1 kJ mol −1 for 1 mpuc reducing to 14.4 kJ mol −1 for 4 mpuc, which contributes to the argument that molecules, which are not strongly interacting with the zeolite framework, are responsible for the observed rotational dynamics (suggesting again that isotropic free rotation is the dominant motion). If we consider that the real system is not ideal, presenting different defects where strong adsorption can occur in addition to the Brønsted sites, the number of molecules contributing to the observed rotational dynamics would further decrease, supporting the model of the immobile fraction used to fit the experimental EISF curves.
3.2.3 Comparison of the timescales of rotation and translation. We have used eqn (4) to obtain the translational part of the intermediate scattering function, F trans s (Q, t), replacing d i with the coordinates of the center of mass of the phenol molecule i, 40, 93 allowing us to analyse translational motion independent from molecular rotation. Following the same procedure employed for rotation, the exponential decays derived from eqn (4) are fitted with eqn (5), providing the values of Γ 1 and Γ 2 , which are equivalent to the HWHM of Lorentzians characteristic of a quasielastic scattering. Similar to the rotational part of F s ĲQ,t), only Γ 1 is taken into account, since the value of Γ 2 lies above the present experimental window of 0.55 meV. Fig. 12 shows the plots of Γ 1 over the range of Q values smaller than 1.0 Å −1 for the rotation and translation of phenol in acidic and all-silica zeolites with a concentration of 4 mpuc at 393, 418 and 443 K. Considering that the timescale of the motion is proportional to the inverse of its Γ value, we can compare the relative speed of rotation and translation by analysing their Γ 1 values. Further comparison to the View Article Online experimental HWHM shows that rotation is the most likely form of motion detected by QENS, as the rotational broadening calculated from the MD simulations for acidic zeolite is far closer to the experimental value than the broadening simulated for translation, motion that is likely too close to the resolution limit of the instrument to be detected. The values of Γ 1 for both rotation and translation in the all-silica zeolite increase compared to the acidic framework, corresponding to motions occurring in a shorter timescale, which is expected from the absence of strong H-bond interactions between phenol and the zeolite; this suggests that we might observe translation in QENS experiments of all-silica zeolites with similar instrumental configuration.
Conclusions
The dynamical behaviour of phenol was measured in zeolite Beta (Si/Al = 12.5) using quasielastic neutron scattering, to probe the behaviour of phenolic monomers of lignin in potential biomass conversion catalysts. The significant elastic component in all spectra at all temperatures, and subsequent fitting of the EISF to the relevant models of localised motion, suggest that on the instrumental timescale we are observing isotropic rotation of the phenol molecule in the zeolite pores, with rotational diffusion coefficients of 2.60 × 10 10 -3.33 × 10 10 s −1 . The EISF also showed that at each temperature there is a population of molecules which remain static, and this population decreases with increasing temperature; we can consider this population to be phenol molecules bound to the Brønsted acid sites or other defects in the acidic zeolite catalyst. Molecular dynamics simulations of phenol in zeolite Beta were performed to complement the QENS experiments. The activation energies of translation derived from the MD calculations, with values between 26 and 35 kJ mol −1 , support the idea that phenol translational diffusion is likely to be too slow to be observed in the instrumental time window. Calculation of the EISF, and subsequent calculation of rotational diffusion coefficients gave values of 2.60 × 10 10 to 4.83 × 10 10 s −1 , which are in close agreement with the experimental values, although overestimating slightly the freedom of mobility, as is common in such studies. The comparison of the activation energies of rotation in the acidic and all-silica zeolites indicates that molecules not bound to the acidic sites are responsible for the observed rotational dynamics in the MD simulations, supporting the experimental observations that a fraction of phenol is immobile (due to H-bonding to the acidic sites), while the rest undergo isotropic rotation in the H-Beta catalyst pores.
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